Abstract. Forests are thought to play an important role in the regional dynamics of the West African monsoon, through their capacity to extract water from a permanent and deep groundwater table to the atmosphere even during the dry season. It should be the case for riparian forests too, as these streambank forests are key landscape elements in Sudanian West Africa. The interplay of riparian forest and groundwater in the local hydrodynamics was investigated, by quantifying their contribution to the water balance. Field observations from a comprehensively instrumented hillslope in northern Benin were used. Particular attention was paid to measurements of actual evapotranspiration, soil water and deep groundwater levels. A vertical 2-D hydrological modelling approach using the Hydrus software was used as a testing tool to understand the interactions between the riparian area and the groundwater. The model was calibrated and evaluated using a multi-criteria approach (reference simulation). A virtual experiment, including three other simulations, was designed (no forest, no groundwater, neither forest nor groundwater).
Introduction
The West African climate is characterised by strong interactions between the atmosphere and the land surfaces (Koster et al., 2004) . Moisture availability in the regions located around 10 • N was found to be pivotal for the West African monsoon (WAM) dynamics (Lebel and Ali, 2009) . It is suspected that the reservoir of continental groundwater (permanent unconfined groundwater) plays a major role in the WAM onset into the Sahel (Fontaine et al., 1999; Philippon and Fontaine, 2002) . Abundant vegetation at this latitude, especially the trees of evergreen forests, potentially provides humidity to the atmosphere even during the dry season. From a hydrological point of view, it must be acknowledged that little is known about the interactions between vertical water transfer processes and streamflow generation processes. Former studies in Sudanian climate regions showed a significant proportion of the streamflow of headwater catchments generated by interflow (Lafforgue, 1982; Chevallier and Planchon,5080 
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deep ground water to be negligible at the intermediate scale of the Donga catchment (Benin, 586 km 2 ), leaving open the possibility that the permanent water tables participate in the water cycle only at the regional scale.
Applying the above knowledge in models produced inconsistent results. For one, by taking into account hillslope processes (overland flow and interflow) in an enhanced 1-D SoilVegetation-Atmosphere Transfer (SVAT) model, Giertz et al. (2006) correctly simulated the streamflow of the 16.5 km 2 Aguima catchment (Benin). In the same area, but on a larger scale, Le Lay et al. (2008) used a TopModel approach (Beven and Kirkby, 1979 ) based on shallow hydrological processes to simulate discharges. A deep percolation term, not originally present in the model, was introduced to correctly simulate the discharge at the outlet of the Donga catchment. The introduction of the deep percolation flux remains questionable since no measurements were available. A recent review by Peugeot et al. (2011) shows that the hydrological and SVAT models used to compute the mesoscale water cycle over the Ouémé catchment agreed on streamflow simulation but that at the same time they differed significantly in evapotranspiration and water storage terms.
Since actual evapotranspiration measured at the local scale (1 km 2 ) may represent up to 80-90 % of the annual rainfall in northern Benin (Guyot et al., 2009) , it certainly represents one of these key diagnostic variables. During the wet season, taking into account only the water stored in the first meter of soil, is not sufficient to explain the measured actual evapotranspiration (Guyot et al., 2009) ; during the dry season, the non-zero actual evapotranspiration is probably due to the persisting vegetation activity (Guyot et al., 2012; Mamadou et al., 2013) . In the Brazilian Amazonia context, Nepstad et al. (1994) demonstrated that important hydrological processes in this area involve deep water storages. Green canopies during the dry season are partly explained by deep root systems. Markewitz et al. (2010) corroborated the previous results performing a one-dimensional vertical model. These authors noted that ignoring the deep hydrological processes could produce biased evapotranspiration estimations in global circulation models.
Knowing that riparian forests are a key element of the landscape in northern Benin (Natta et al., 2002) , this paper addresses the interplay between riparian forests and the underlying groundwater and its impacts on the hydrological processes, which control the local and mesoscale water cycle. Numerous studies have demonstrated that riparian forests use a part of the groundwater flow that, ultimately, feeds the streamflow, thus riparian forests decrease the water yield of the basin (e.g. Dunford and Fletcher, 1947) . Trees within the riparian zone generally use more water than similar trees over the rest of the catchment (Dye and Poulter, 1995; Scott, 1999) . White (1932) , Gribovszki et al. (2008) among many others used the daily fluctuations of the groundwater table to estimate the riparian transpiration. The interactions between riparian water use and groundwater level fluctuations have been simulated (see e.g. Loheide II et al., 2005) or qualitatively characterized (Butler et al., 2007) .
The African Monsoon Multidisciplinary Analysis -Coupling the Tropical Atmosphere and the Hydrological Cycle (AMMA-CATCH) observation system and its Sudanian site of the Ouémé catchment located in northern Benin (Fig. 1) provided an unprecedented set of data to explore the interaction between riparian vegetation and the water cycle. The study focused on the Nalohou hillslope (Fig. 2) , a well-instrumented, elementary hydrological system. It includes a comprehensive set of measurements of the water budget terms. Particular attention was paid to the water distribution within the hillslope and its impact on evapotranspiration and water storage. The physically based Hydrus model (Simunek et al., 2006) was used as a coherent framework to represent and quantify the soil-water transfers in both lateral (water distribution at the hillslope scale) and vertical (transpiration) directions. A virtual experiment (Weiler and McDonnell, 2004) was set up in order to understand of the interactions between the riparian forest located at the bottom of the hillslope and the underlying water 
Materials

Study site
The study site is a part of the Sudanian mesoscale site of the AMMA-CATCH observing system . It is located in the upper Ouémé catchment in northern Benin, lat 9.74 • N; lon 1.60 • E (14 400 km 2 , Fig. 1 ). The upper Ouémé elevation ranges from 230 to 620 m, with a gently inclined slope of about 3 % along the main stream. The rainfall regime is driven by the InterTropical Convergence Zone (ITCZ) migration, with 65 % of the annual rainfall occurring during three months between July and September (Le Lay and Galle, 2005b) and almost no rainfall from November through March. The mean annual rainfall over the upper Ouémé catchment is 1190 mm yr −1 for the period 1950 (Le Lay and Galle, 2005b ) with a standard deviation of 224 mm yr −1 . The ITCZ migration also determines the wind characteristics: the Harmattan blows dry air from the northeast during the dry season, while the humid wind blowing from the Southern Ocean characterises the wet season. The averaged daily air temperature remains around 26 • C all year long. At a monthly time step, the reference evapotranspiration ET 0 (Allen et al., 1998) shows low seasonal variability, with a maximum of 5-6 mm d −1 at the end of the dry season and a minimum of 3-4 mm d −1 in the wet season.
Sporadic streamflow lasting a few days may be observed before the monsoon onset depending on the occurrence of isolated rainfalls, especially on small catchments. After the onset (end of June), uninterrupted streamflow is observed until the end of the rainy season, and river flow progressively stops in the dry season. Discharge peaks occur from midAugust to the end of September. Total discharge represents about 11 % of the annual rainfall within the upper Ouémé area (Le Lay and Galle, 2005a; Peugeot et al., 2011) .
The land use is composed of four main vegetation types over the upper Ouémé: cultivated area with mixed crops and fallows (16 %), shrub savannah (32 %), woody savannah (42 %), forest (8 %), leaving about 2 % of urbanised and water body areas (Judex et al., 2009) . About 50 % of the surface is or has been cultivated, while 50 % remains practically natural. The riparian forests, even if they cover only a negligible fraction of the landscape (0.9 %) are commonly found along the stream banks (Séguis et al., 2011b) .
The studied hillslope here is entirely cultivated, with alternating crop rotation (yams, maize, cassava, sorghum) and fallows. Its lower part is bordered by a 20 m-wide riparian forest which represents about 5 % of the hillslope length. According to the World Reference Base (IUSS Working Group WRB, 2006), the soils are mainly lixisols on crests and mid-slopes, plinthosols with or without outcrops of hardpan at the slope bottom and thin sandy soils overlying a thick clayey horizon in the bas-fonds (Faure, 1977; Giertz and Diekkrüger, 2003) . The French word bas-fonds denotes a tropical, seasonally waterlogged, linear depression in the headwater zones of rivers, frequently without any marked stream channel, and predominantly covered by grass species (Giertz and Diekkrüger, 2003; Séguis et al., 2011b) .
The typical soil horizon depths range from 0.15 to 0.4 m and 0.7 to 1.6 m, for the A and B horizons, respectively; the C horizon lies deeper than 1.6 m (Faure, 1977) . According to 5082 A. Richard et al.: Interplay of riparian forest and groundwater in northern Benin the USDA soil classification system, the A horizon is loamy sand or sandy loam, the B horizon is sandy clay loam and the C horizon is sandy clay or sandy clay loam, in line with numerous tropical soils (de Condappa et al., 2008) .
The aquifer containing the permanent and unconfined water table is mainly made up of silty and clayey 5-25 mthick saprolites, overlying the metamorphic (gneiss and micaschist) fractured basement (Affaton, 1987; Descloitres et al., 2011) . Hereafter, this permanent and unconfined groundwater is called permanent groundwater. The level of the permanent groundwater table remains approximately parallel to the soil surface all year long and fluctuates between 2 and 5 m deep (Séguis et al., 2011b) .
Hydrological data
The studied hillslope is limited upslope by the topographic divide and downslope by the river. Various sensors were deployed along this hillslope in order to monitor the different hydrological terms (Table 1 , Fig. 2 ): rainfall, evapotranspiration, soil water content, soil water tension and groundwater level. One rain gauge was located on the upper part of the hillslope. Three soil water content and soil water tension measurement profiles were installed at three positions along the hillslope (measurement depths at 0.1, 0.2, 0.4, 0.6 and 1 m). These profiles were 40 m (lower), 198 m (middle) and 508 m (upper) from the river: the middle one was located at a slope break on crop and the upper one on vegetation fallow. Three piezometers (2, 10 and 20 m deep) were set up close to each soil profile. One flux tower with eddy covariance (EC) measurements and a meteorological station were installed 100 m apart from the mid-slope profile (Mamadou et al., 2013) . The meteorological station includes measurements of atmospheric pressure, air temperature, relative humidity, wind speed and direction at 2 m and a complete radiation budget. Additionally, one large aperture scintillometer (LAS) set-up over a 2.4 km transect complemented the experimental instrumentation. The annual mean distribution of the LAS footprint is composed of 15 % woody savannah (including the riparian forest) and 85 % crops/fallow/bare soil. The actual evapotranspiration was deduced from LAS measurements through the computation of the energy balance at hillslope scale (1 km 2 ) (Guyot et al., 2009 ) and from EC measurements at local scale (middle slope). Taking into account the numerous measurement gaps, we built a unique time series of actual evapotranspiration, composed of LAS and EC measurements; the LAS values had priority over the EC ones due to their larger and more representative footprint.
The soil physical properties (retention curve and saturated hydraulic conductivity) were derived from field measurements. The collocated soil water content and soil water tension measurements are used to evaluate the retention curve parameters within the first two meters of soil. For deeper layers (from 2 to 7 m), soil samples extracted from experimental wells were used to determine the retention curve character- istics, using the mercury intrusion porosimetry method (Xu et al., 1997a, b) . Disc infiltrometer measurements (Vandervaere et al., 2000) were used to determine the saturated hydraulic conductivities of the three soil layers (soil 1: 0-0.5 m, soil 2: 0.5-2 m and soil 3: 2-3 m) down to 3 m deep (Robert, 2012) . The hillslope vegetation dynamics was assessed by a composite leaf area index (LAI) based on a combination of satellite LAI products (CYCLOPE, MODIS, SEVIRI), constrained by in situ measurements derived from hemispherical photographs using the method proposed by Weiss et al. (2004) .
Studied period
The study focused on two contrasted years: 2006 (851 mm of rainfall, "dry") and 2007 (1218 mm, "normal"). In 2006, apart from an isolated rainfall (25 mm) observed midFebruary, the rainy season extended from mid-April to midOctober. In 2007 the rainy season lasted one and a half months longer (April to mid-November). The annual dynamics of the LAI was consequently different between the two years ( Fig. 3) , particularly during the transition period from the dry to the wet season. The annual dynamics of the reference evapotranspiration was similar for 2006 and 2007 (Fig. 3) .
Model construction
Topography and soil conditions along the hillslope are similar, thus the hillslope is studied as a 2-D system, as shown in Fig. 4 . To simulate the hydrodynamic functioning of this hillslope, the finite element model Hydrus 2-D (Simunek et al., 2006) was used. This model numerically solves the Richards equation for water flow in variably saturated porous media. The hydraulic soil properties were described with the van Genuchten-Mualem model without considering hysteresis (van Genuchten, 1980) . The values of the 6 parameters used in the van Genuchten-Mualem model are presented in Table 2. The governing flow equation (Richards' equation) includes a sink term S which represents the transpiration term; it is computed using a root water uptake model described by
where a is the water stress response function, depending on the pressure head h, S t is the soil surface associated with transpiration, T p is the potential water uptake rate (potential transpiration) and b(x, z) the normalized root water uptake distribution in horizontal (x) and vertical (z) dimensions. An S-shaped function (van Genuchten, 1987 ) was chosen to represent the water stress response function a:
Classical values (Simunek et al., 2006) were specified for h 50 (pressure head at which the root water uptake is reduced by 50 %: −8 m), p (exponent parameter of the water stress response function: 3) and h wp (wilting point below which transpiration stops: −160 m). We assumed that S t (reduced to a length in the 2-D system) corresponded to the whole hillslope, and its value was set to 554 m. According to Ritchie (1972) , the reference evapotranspiration ET 0 was partitioned into potential evaporation E p and the potential transpiration T p , depending on the LAI (Eq. 3):
where K is the extinction coefficient of the canopy for total solar irradiance. Following López-Cedrón et al. (2008) , K is prescribed equal to 0.5. This value was confirmed experimentally on the study site by processing the hemispherical photographs used to estimate the LAI. Two types of plant root system were defined, crop and tree, characterised by their different rooting depth. The crop root system covers the entire hillslope and, according to observations, most of the roots were located above 0.5 m deep. We defined b (x, z) as the absolute root water uptake distribution function b (x, z < 0.5) = 1 for any location x, b (x, z) = 0 otherwise (Fig. 4) . The tree root system, corresponding to the riparian forest, was concentrated at the bottom of the slope. The width of the aerial part of the riparian forest was estimated (field surveys) at roughly 20 m, but the corresponding root part may be significantly larger. Moreover, no information on tree roots profiles was available. Consequently, the values of x trees and z trees for which b (x < x trees , z < z trees ) = 1 were calibrated. The b(x, z) function in Eq. (1) was obtained by normalizing b (x, z) to its integral over the whole domain (such that the integral of b over the domain is equal to unity).
The model geometry was derived from the site topography. The finite element mesh had 6219 nodes with a specified size of 0.5 m and a stretching factor of 4. Three soil layer bases were identified from field measurements at 0.5 m, 2 m and lower (Robert, 2012) . Steady limits are assumed for the three soil layer bases throughout the hillslope (Fig. 4) . The third soil layer base is the lower boundary of the domain. It was assumed to be 7 m deep due to local observation of the bedrock. Knowing that the observed groundwater table fluctuates between 2 and 5 m deep, the lower boundary is saturated all year long. During the marked dry season, simulated soil water tension at the soil surface is very high due to evaporation. To avoid numerical problems in this configuration, roots are removed for nodes above 0.2 m depth.
An atmospheric boundary condition is specified at the surface, and a no-flux boundary condition at the lower boundary (Fig. 4) . Concerning the upslope (respectively downslope) boundary conditions, a symmetric functioning of divergent fluxes due to the limit of the catchment (convergent fluxes due to river) is assumed, resulting in a no-flux condition. Next to the river, a seepage face boundary condition is prescribed, allowing seepage into the river if the soil is saturated.
The 
Model calibration and evaluation
The aim of the calibration was to obtain a reasonable and plausible model according to the observed internal dynamics. A perfect fit between all data and all model outflows was not targeted. The focus was put on soil water and permanent groundwater to evaluate the internal dynamics and actual evapotranspiration which is the main sink term of the water budget. Retention curve parameters and hydraulic conductivity curve parameters (Table 2) were inferred from measurements for the three soil layers. The saturated hydraulic conductivity was calibrated for each of the three soil layers, but constrained to lie within one order of magnitude of the measured values. The width and depth of the tree root system were calibrated as well by minimizing the differences between observed and predicted values of the water contents at 0.2 and 1 m, and the groundwater level at the top, middle and bottom locations (Fig. 2) . Following Keim et al. (2006) the calibration was carried out manually (trial and error process). The quality of the final simulation was visually appraised and was quantified using the KGE performance criterion (Gupta et al., 2009 ) for each considered variable (Eq. 4).
with r the Pearson product-moment correlation coefficient, α the ratio between the standard deviation of the simulated values (σ sim ) and the standard deviation of the measured values (σ meas ), β the ratio between the mean of the simulated values (µ sim ) and the mean of the measured values (µ meas ). The 2006 simulation (calibration) is considered the reference simulation; the model was run on year 2007 with the calibrated values and evaluated.
Virtual experiment modelling
A virtual experiment was performed on the year 2006 in order to understand the interactions of water uptake by the riparian forest, ground transfers, water table level fluctuations and downslope outflows to the river. The virtual experiment was composed of the 2006 reference simulation and three additional simulations summarized in Table 3 .
The goal of simulation 1 was to test the impact of the riparian forest on the hillslope water cycle: the tree root system was replaced with the crop root system (0.2-0.5 m depth) in the riparian area. However, the LAI time series was not modified, and thus neither was the partitioning of the potential evaporation and the potential transpiration, as defined by Eq. (3). This issue is discussed in Sect. 5. The potential transpiration was simply reduced proportionally to the change in the root system distribution. In simulation 2, the riparian forest was maintained but a free drainage condition was specified at the bottom of the profile, resulting in the disappearance of the water table. Simulation 3 combined the two others, replacing the riparian forest with crops and setting a free drainage boundary condition.
Results
2006 simulation
The soil physical properties values used in the simulation, either prescribed or calibrated, are summarized in Table 2 . It is important to remember that the calibrated saturated hydraulic conductivity was constrained within one order of magnitude of the measured values (Robert, 2012) . The calibrated value of the tree roots' depth was 4 m. Tree roots develop in areas where moisture is available (Wan et al., 2002; Peek et al., 2006) but generally not in saturated levels where oxygen lacks. As the observed water table level fluctuates between 2 and 5 m deep, the calibrated depth value (4 m) was considered realistic. As expected, the lateral extent of the tree roots (30 m) is larger than the extent of the riparian forest canopy, as observed on the site (20 m). In the vicinity of this hillslope, a lateral tree root has been observed 20 m from a tree. With this calibration the tree and crop root systems respectively represent 17 and 83 % of the total root volume, while the riparian forest covers only 5 % of the surface, against 95 % for the crops.
This simulation is analysed at the daily time step, focusing on its internal hydrodynamics and its water budget. The internal dynamics of the vadose zone and the permanent groundwater table are illustrated in Fig. 5 for the middle and the bottom of the hillslope. The middle hillslope position is representative of the main part of the hillslope (without riparian forest). The bottom position is representative of the hydrodynamics functioning near the riparian forest. Being the lowest instrumented position of the hillslope, the bottom position gathered all the upslope processes. The 2006 calibrated simulation reproduces the main characteristics of the internal dynamics of the vadose zone and that of the permanent groundwater table. Figure 5a and a', which are identical, show the measured rainfall, with an isolated rainfall in February, and the wet season from April to October. The water content dynamics at 0.2 m depth ( Fig. 5b and b' ) are well simulated all year long. These simulated variables are slightly underestimated (about 0.02 m 3 m −3 ) during the dry season. An underestimation also occurs during the heavy rain in September for the bottom profile. During the dry season, the model captures the main characteristics of the water contents at 1 m depth (Fig. 5c and c') . For the bottom position at 1 m depth, the model underestimates the observed water contents in wet season by almost 30 %. For the middle position, the baseline of the water content is correctly simulated for the whole year, but three water content peaks occurring during the rainy season are missed. These peak values correspond to the formation of a temporary, shallow water table observed in the field but which is not really simulated as such by the model. The permanent deep groundwater ( Fig. 5d and d') displays only a low frequency time variation, as the atmospheric forcing high time frequencies are smoothed out with depth. The simulated and observed groundwater levels are markedly different at the bottom and the middle positions. At the bottom position (Fig. 5d ) the simulated amplitude is in good agreement with the measurements but with a 2-month delay. At the middle position a delay, although shorter (1 month), is also observed (Fig. 5d') . In addition, the simulated annual range of the water table depth is lower than the measured one and the water level is about 1 m deeper than the observed one. In Fig. 6 , the simulated evapotranspiration (ET) is compared to the two series of observations (LAS and EC measurements). ET is well simulated during the wet season, almost reaching the reference evapotranspiration ET 0 much in the same way as the observations do. The mean simulated ET is lower than 1 mm d −1 during the dry season which is in agreement with the measurements. Moreover, ET is correctly simulated during the transition periods: the beginning of the wet season with an isolated rain event and the decreasing at the end of the wet season. High water velocities are simulated in the permanent groundwater table, increasing downslope (Fig. 7) . Velocity vectors are oriented downslope and parallel to the bedrock (not shown in the figure) . On the contrary, velocities are small and spatially homogeneous in the vadose zone. The spatial distribution of water velocities keeps this general structure all year long (not shown). Consequently, in terms of mass transfer, the lateral water flux is mainly due to lateral flow in the saturated layer. The synthetic annual hillslope water balance is shown in Fig. 8 . Despite a rainy season that does not start until the end of April (black solid line), the cumulative transpiration starts to increase regularly at the end of January; it then increases at a higher and steady rate from the beginning of May (likely as a reaction to the beginning of the rainy season) to the end of November. The annual transpiration represents 73 % of the annual rainfall. The evaporation remains low in dry season and mainly occurs during the wet season, reaching 27 % of the annual rainfall. The seepage term remains negligible all year long, producing no outflow. The change in water storage is calculated by closure of the water balance at the hillslope scale. This term can increase at the daily scale as a response to rainfall events (see for instance the effect induced by the isolated rain event midFebruary, Fig. 8 ) but globally it decreases until mid-July, because the evapotranspiration rate is significantly greater than the rainfall supply during this period. Then, the water storage increases until the end of the rainy season and finally decreases again to get back to zero; the yearly storage variation for the year 2006 is 0.2 % of the annual rainfall. This means that during this below-normal rainy year, there was neither annual water storage nor seepage. At the annual timescale, evaporation and transpiration compensate rainfall.
Model evaluation
The same variables as those used in Fig. 5 for 2006 are chosen to illustrate the simulation quality for 2007 (Fig. 9) . Water contents at 0.2 m depth at the bottom position (Fig. 9b) and at mid-slope (Fig. 9b') are correctly simulated except for the end of the wet season and the transition period from the wet to the dry season. The simulated water content at the bottom and the middle position was lower and higher than the observed one, respectively. Regarding water contents at 1 m depth at the bottom position (Fig. 9c) and at mid-slope (Fig. 9c') , the annual dynamics is globally reproduced by the model until a series of large rain events occurs at the beginning of September, the response of the model being much smoother than that of the observations. However, similarly to 2006, the model does not simulate the end of the wet season and the transition period from the wet to the dry season. At mid-slope, the simulated water content reaches the measured maximal water content value at the end of September. This value, close to the saturated water content, is in accordance with measurements but high frequency fluctuations are missing. Moreover, the simulated maximum value is reached later than the observed one. The KGE performance criterion is similar in calibration (2006, Fig. 5 ) and evaluation (2007, Fig. 9 ) years for water content at 0.2 and 1 m. The level of the permanent groundwater table at mid-slope (Fig. 9d') is well reproduced, the annual fluctuation being correct in both timing and magnitude. For this variable, the evaluation year is better simulated than the calibration one according to the KGE (0.58 for year 2007 against 0.45 for year 2006). The simulated values of the permanent groundwater table level at the bottom position are reasonably good during the first part of the year. After rising rapidly in August, the observed permanent water table level at the bottom of the slope reaches a plateau in September and remains stable until December (Fig. 9d) ; this behaviour is well captured by the model except that the plateau is largely overestimated in the simulation, consequently lowering the KGE criterion in 2007.
Overall, although the Hydrus 2-D simulations did not perfectly reproduce the behaviour of the soil water and water fluxes within the experimental hillslope, the simplified hillslope representation obtained by calibration responds correctly to the atmospheric forcing for the two different years. Even though some fine tuning of the calibrated parameters could improve the simulation for 2007, our ultimate goal is not to obtain a perfect representation of a single hillslope but rather to obtain an acceptable test bed for setting up a virtual experiment on how the vegetation and the deep groundwater interact and control the hillslope hydrodynamics.
Virtual experiment: impacts of riparian forest and permanent groundwater on evapotranspiration
The virtual experiment is carried out on year 2006. In simulation 1, the absence of riparian forest results in a reduction of the annual transpiration from 625 to 498 mm (Table 4) . For this simulation, the hillslope generates seepage all year long (not shown) which represents 13 % of the annual rainfall. The absence of the permanent groundwater (simulation 2) reduces the annual transpiration to 443 mm. For simulation 3 (no riparian forest, no permanent groundwater), seepage is negligible and the annual transpiration decreases to 472 mm, a value close to that of simulation 1 and 2, although there is neither riparian forest nor groundwater.
As explained in Sect. 3.2, the choice was made to keep the potential evaporation time series the same for the four virtual experiment simulations. Consequently, differences between simulations would not result from differences in potential evaporation. The annual evaporation is nearly similar for all the simulations and accounts for 25 to 27 % of the annual rainfall. The negligible variation of the evaporation term between the simulations with and without permanent groundwater suggests a very low impact of the permanent groundwater on the annual evaporation. In the same way, the negligible variation of the evaporation term between the simulations with and without riparian forest shows a very low impact of the tree root system on the annual evaporation. These low differences between simulations are probably due to weak differences in the spatial distribution of water in the hillslope.
Discussion
Riparian forest and permanent groundwater: an interactive transpiration system
A first important result obtained in this study is the ability of the Hydrus 2-D model to correctly reproduce the annual cycle of the evapotranspiration and its corresponding annual total, using in situ observed properties as much as possible (2006 simulation (Table 4) allows to further explore the relationships between the riparian forest transpiration and the groundwater. Simulation 3 (no riparian forest, no groundwater) resulted in a 153 mm reduction of the annual transpiration, as compared to the reference simulation. Simulations 1 and 2 actually represent two possible trajectories to reach the same final state (simulation 3). In the first one, the riparian forest was removed first leading to a 127 mm decrease of the annual transpiration; then, groundwater suppression produced an additional decrease of 26vmm. In the second one the suppression of the groundwater induced loss in transpiration of a 182 mm, and the subsequent conversion of the forest into crops resulted in a slight increase in transpiration (29 mm).
This last result deserves some explanation. Despite a lower potential transpiration (smaller total root volume) in simulation 3, the annual transpiration is higher than in simulation 2. This can be considered an artefact of the model associated with the formulation of the root distribution function b(x, z) (Eq. 1). The normalisation of the absolute root distribution function b (x, z) by its integral over the whole domain (see Sect. 2.4) actually resulted in a lower value of b(x, z) when the riparian forest was kept, as its integral over the domain was larger (more nodes where b = 1) than that for a crop cover alone. This higher b value over-compensated the reduced potential transpiration.
In short, the first path (suppressing the forest first, then the water table) shows that the transpiration of the riparian forest drives the groundwater depletion, whereas the second path shows that the deep groundwater is necessary to supply the riparian area with water for transpiration. Consequently, riparian forest and deep groundwater constitute an interacting transpiration system.
Intra-seasonal variability of the transpiration sources
In the previous section, the contribution of the riparian forest to the whole transpiration (153 mm) was estimated by difference between the reference run (2006) and simulation 3, and represents 37 % of the total hillslope transpiration (Fig. 10) , even though the riparian forest only amounts to 5 % of the hillslope area and 17 % of the total root volume. Despite a root volume proportionally lower, the contribution of the riparian area to the total transpiration is higher than that of the crop system. Similar comparison was made for the wet and the dry seasons considered separately. In the wet season, the contribution of the riparian forest to the total transpiration was 19 %, close to the proportion of the forest root volume in the whole root system (17 %). Thus, when soil water was not the limiting factor, the extracted water per unit of root volume was roughly equal for crops and riparian forest. By contrast, during the dry season, the upper soil layers were dry and the forest transpiration reached 57 % of the total transpiration, meaning that the riparian forest extracts about six times more water than the other vegetation cover. This result is consistent with former field studies (Dye and Poulter, 1995; Scott, 1999) which showed that the riparian vegetation uses proportionally more water than vegetation further away from the stream. As a result, our study suggests that the total hillslope transpiration is mainly due to the riparian forest in dry season and conversely to the crops during the wet season. Hillslope transpiration due to the riparian forest (153 mm) showed a low daily variability all year long with an average value of 0.41 mm d −1 (0.46 mm d −1 during the wet season and 0.37 mm d −1 during the dry season). Similarly, in the Amazonian context, Markewitz et al. (2010) showed a roughly steady transpiration rate all year long, supplied by deep root uptake. Prorating this deep transpiration to the fraction of riparian forest root width (30 m) in the hillslope (554 m), the riparian transpiration reaches 6.9-8.5 mm d −1 depending on the season. This result is questionable as these values are 1.9 times higher than the reference evapotranspiration (see Fig. 3 ). Allen et al. (1998) suggested that for tall vegetation surrounded by shorter cover (so-called clothesline effect) or wet vegetation surrounded by dry land, (so called oasis effect), the reference evapotranspiration must be multiplied by 1.4 to 2.5 to account for the local advection. This range includes our value of 1.9. This ratio depends on the aridity of the surrounding area, the general width of the vegetation stand and the ability of the wind to penetrate into the vegetation cover; 2.5 represents an upper limit linked to the stomatal capacity to supply water vapour to the air stream. In this study, the riparian forest was higher (8 m) than the crops (2 m) and the spatial contrast in dry season between the riparian area and the bare soil in the neighbouring fields suggests that the oasis effect can increase advection. As a result, the high transpiration rates obtained in the study were considered realistic. Séguis et al. (2011b) roughly estimated the riparian evapotranspiration rate for the same site between 6 and 34 mm d −1 . Despite the above-mentioned clothesline effect, the upper value was considered unrealistic by the authors themselves: according to the method they used, this large range of transpiration rates has to be considered a first approximation. Other values can be found in the literature: Lautz (2008) The surface layer (0-0.5 m) shows a highly variable transpiration rate, depending on rainfall input, atmosphere demand and soil water availability and is consequently seasondependent. At the annual scale, transpiration can be interpreted as the addition of a practically constant riparian forest transpiration, which is around 0.4 mm d −1 at hillslope scale and a time-dependent crop transpiration which is linked to rainfall inputs.
The aim of the virtual experiment was to analyse the impacts of deep groundwater and riparian forest transpiration on the hillslope dynamics. In order to isolate these impacts, we had to maintain other parameters and variables identical as much as possible. It is the case for the potential evaporation and potential transpiration. While the evapotranspiration partition depends on the LAI, we kept the same LAI time series for all the virtual experiment simulations. Actually, replacing the riparian forest by crops should modify the LAI dynamics, as forests and crops do not have the same intra-seasonal variability of LAI. If we assume that vegetation cover without trees has globally lower LAI values, the cover modification we made would have resulted in a decreased potential transpiration and an increased potential evaporation. The related impact on actual evaporation should be low during the dry season because of the dry conditions in the surface layers. In this case, water availability should be the limiting factor of the actual evaporation. During the wet season, the increase in potential evaporation should increase the actual evaporation due to the water availability at the surface. Clearing vegetation also modifies other processes: the decrease of interception losses (Salemi et al., 2012) increases the water availability for evaporation at the soil surface. Vegetation clearing could also stop the hydraulic lift (hydraulic root redistribution in the upward direction) or sap flow downwards (Markewitz et al., 2010) . These processes were not accounted in the model and their possible effects on the water distribution, the evaporation and the transpiration fluxes have not been assessed.
Year-to-year variability of the simulated functioning
The model showed overall good performances in calibration (2006, "dry" year) and evaluation (2007, "normal" year) , with similar criteria values for both years and for all the diagnosed variables (Figs. 5 and 9), except the water table level at the bottom of the hillslope in 2007 where the lowest KGE was obtained (Fig. 9d) . At this particular location, the simulated level was 2 m higher than observed in 2007 (Fig. 9d) , whereas it was close to the observed level at the middle location (Fig. 9d') . It means that groundwater inflows at the hillslope bottom were overestimated in the model, or outflows under-estimated, as compared to the actual situation, resulting in a higher water level. Several reasons can be put forward. The hillslope representation used here is simplified: 2-D geometry, uniform physical properties of the soil layers, whereas the actual hillslope, as any other natural system, is much more complex and driven by 3-D rather than 2-D processes. Model calibration allowed "absorbing" most of these discrepancies, leading to a correct overall functioning of the hillslope. With 2007 being much wetter than 2006 (1218 mm vs. 851 mm), respectively, non linear processes, such as more active preferential flows, and spatial variability of the soil properties may have lead to inflows at the bottom of the actual hillslope lower than in the model. Perched, seasonal water tables form each year on the basin, with a larger extension in wet years (Kamagaté et al., 2007) , and thus reduce the recharge of the permanent water table (and incidentally provide easy-to-use water for transpiration). As these seasonal water tables were not represented in the model, excess water may be supplied to the groundwater, resulting in an overestimated level, especially downslope where lateral flow accumulates (the mid-slope simulated water table level was quite correct). Conversely, insufficient water outflow in the model can result from too low riparian uptake or seepage into the river. Dunford and Fletcher (1947) on the Coweeta Experimental Forest, showed that a riparian forest could actually extract more water than expected. Following Jarvis (1989) , another possible cause of insufficient water outflow is a compensation effect where reduced transpiration in the water-stressed parts of the root zone is balanced by increased transpiration in other parts. In other words, vegetation could extract more water than expected in deep and wet layers because of dry conditions in shallow layers. This process was not accounted in this study.
The bias in the water table level downslope in 2007 is potentially due to a combination of all these factors, but it was not possible to further discriminate between them.
Disconnection between the deep groundwater table and the river
There is another important consequence of the riparian forest and of permanent water table joint functioning: in the model the forest transpiration depletes the groundwater table at such a level that it cannot contribute to the river flow. This is evidenced by comparing the significant seepage (13 % of the annual rainfall) produced by simulation 1 (absence of riparian forest) to the absence of seepage produced in the 2006 simulation. Since these two simulations differ only by the absence/presence of the riparian forest, this suggests that when the riparian forest is removed, the groundwater table rises to a level allowing it to feed the flow in the river bed. The same conclusion stems from the comparison of simulation 1 to simulation 3 (differing only by the presence/absence of the groundwater level); the riparian forest being absent in both cases, the absence of seepage in simulation 3 means that the seepage obtained in simulation 1 is produced by the permanent groundwater. This significant seepage is really produced by the rise of the simulated permanent groundwater table above the river bed (not shown). These results suggest that the transpiration of the riparian forest leads to the hydraulic disconnection of the permanent water table and the river. This situation was already put forward by Séguis et al. (2011b) on the Donga catchment (Benin), in which our study site is included. Dye and Poulter (1995) noted that streamflow can also supply the riparian transpiration. In our study, this possibility has not been considered, as the numerical condition at the streambank boundary (seepage) did not allow incoming water flow. Addressing this issue could be done in a further study.
Synthesis: overall schematic of the hillslope hydrodynamic functioning
The schematic of the hillslope hydrodynamics can be summarised as follows. During the dry season (Fig. 11a) , only low evaporation and crop plant transpiration take place along the hillslope due to the absence of rainfall events. During the wet season (Fig. 11b) , rainfall infiltration makes water available for evaporation, crop transpiration, water distribution along the hillslope and percolation that supplies the permanent groundwater. In both seasons, the permanent groundwater flows laterally downslope. Lateral flow from areas far away from the stream provides water to the riparian forest transpiration, as also identified for example by Gribovszki et al. (2008) ; in turn, the riparian transpiration significantly depletes the water table and causes its hydraulic disconnection from the river, as observed in the field. On the study site, the streamflow is not supplied by the groundwater discharge, which is hydraulically disconnected from the river, but mainly by subsurface flows (Kamagaté et al., 2007) . However field inspections in 2006 revealed no exfiltration ever visually observed at the bottom of this particular hillslope (but it could have happened between two visits), even though temporary saturated levels have occurred within the hillslope (Séguis et al., 2011b) . Our modelling results are consistent with these observations as we found that water extraction by the riparian transpiration can explain the absence of drainage to the river. However, it cannot be concluded whether the representation of subsurface flow and perched water tables would change this statement.
Conversely, exfiltration of subsurface flow has been observed in a neighbouring bas-fond. These waterlogged headwater zones are very common in the region and are considered to play a major role in the hydrological regimes in Africa (Balek and Perry, 1973; Bullock, 1992; Giertz and Diekkrüger, 2003; Séguis et al., 2011a ) but this assumption remains disputed (for a review, see von der Heyden, 2004). In our area, these bas-fonds, mainly covered with grass, have no riparian vegetation (for reasons unknown to the authors) which, according to our study, can explain the occurrence of exfiltration downslope and consequently generate streamflow.
Supposing that riparian forest was cut (simulation 1), we can suggest that the river flow would have increased because the water table at the bottom of the hillslope would have risen in such a way that it would have discharged into the river. This possible modification of the streamflow generation, derived from the virtual experiment is in agreement with the numerous field studies which demonstrated the increase of the water yield after clear cutting of riparian vegetation (Dunford and Fletcher, 1947; Ingebo, 1971; Dye and Poulter, 1995; Scott, 1999) . However, such an extrapolation has to be done carefully because of the complex adaptation of riparian vegetation to new conditions. In a review paper, Brown et al. (2005) showed that the impacts of regrowth experiments on the water yield and the time needed to reach a new equilibrium under permanent land use were driven by complex, not-intuitive interactions.
Summary, conclusion and perspectives
The water cycle in West Africa plays a key role in the monsoon dynamics, and thus its representation in numerical models has to be integrated across disciplines and scales. In Sudanian West Africa, the mesoscale water budget closure is still different from one model to another (Peugeot et al., 2011) . It is especially true for evapotranspiration, which is the main sink term of the water budget. Knowing that riparian forests are a key landscape feature in this region, this study focused on the interplay of riparian forests and groundwater of a wellinstrumented, 550 m-long hillslope in Benin. Previous studies based on field observations showed that the annual water table level fluctuations are driven by the combined effects of infiltration, transpiration, evaporation, and lateral flows which redistribute water at the hillslope scale. However, as frequently observed in the region, the water table is disconnected from the river stream lying at the bottom of the hillslope, and previous studies have assumed that this was mainly caused by water uptake by riparian vegetation.
The hillslope as well as the downslope riparian zone were represented by a 2-D vertical system with the Hydrus model (Simunek et al., 2006) . A virtual experiment, based on a reference simulation, was designed. The three other simulations of the virtual experiment explored the following configurations: (i) suppression of the riparian forest, (ii) free drainage at the base of the system to prevent the formation of a water table, and (iii) the combination of both. The model satisfactorily simulated water transfers between the soil and the atmosphere at the hillslope scale: the observed dynamics of soil water, water table levels and evapotranspiration were globally well reproduced. The simulated water table was deeper than the river bed, as observed, due to groundwater depletion by the riparian forest transpiration. The virtual experiment showed that the riparian vegetation and the water table were an interacting system, and we estimated that the riparian forest provided the main part (57 %) of the dry season hillslope transpiration.
Further investigations should continue along three main lines, spanning a hierarchy of scales. First, the ability of a 2-D physical model to account for the main coupling processes between soil water and evapotranspiration at the hillslope scale makes it an important tool for testing and improving our understanding of hydrological processes over a broad range of scales. However, a better identification of subsurface processes producing seepage remains needed for finely representing the intra-seasonal fluctuations of the river flow at the outlet of small catchments. This production is likely limited to particular places of the basin like bas-fonds. Finding a way to introduce this process simultaneously to currently known processes in a Hydrus-like model remains an interesting challenge. Then, riparian areas are not the only zones where deep-rooted vegetation could interact with groundwater, as isolated trees or clump of trees are frequently encountered everywhere in the landscape. The same kind of
